This paper presents a mixed numerical-experimental method for the identification of the four in-plane orthotropic engineering constants of composite plate materials. A biaxial tensile test is performed on a cruciform test specimen. The heterogeneous displacement field is observed by a CCD camera and measured by a digital image correlation (DIC) technique. The measured displacement field and the subsequently computed strain field are compared with a finite element simulation of the same experiment. The four independent engineering constants are unknown parameters in the finite element model. Starting from an initial value, these parameters are updated till the computed strain field matches the experimental strain field. Two specimen geometries are used: one with a centered hole to increase the strain heterogeneity and one without a hole. It is found that the non-perforated specimen yields the most accurate results.
Introduction
Standard testing to obtain material parameters requires test samples with a well-defined standardised geometry. They commonly generate a uniaxial stress field that allows the identification of one or sometimes two material properties (Whitney et al., 1984; ASTM, 2000 ASTM, , 2001 . For orthotropic material properties, different tests are needed to identify all the mechanical properties of the material. Actual structural components manufactured in factory or used in engineering (Meuwissen, 1998) sometimes other material properties than those obtained by standard testing. In those cases, mixed numericalexperimental methods also called inverse methods for material parameter identification can improve the results. Mixed numerical-experimental methods are based on a finite element model of a complex test geometry. The technique proposed in this paper combines static loading experiments, optimisation techniques, full-field measurement techniques and a numerical finite element model.
The advantage of this inverse method is that non-standardised specimen geometries as well as detailed boundary conditions and complex material models can be taken into account. From an experimental point of view, the progress made during the last decade in the domain of optical full-field displacement techniques now allows the experimental identification of complex strain fields.
The aim of the mixed numerical-experimental method is to determine the different parameters in a single experimental set-up, allowing for the stresses and strains to exhibit heterogeneous patterns. In the past several attempts have been made to identify elastic parameters based on inverse modelling of different experimental set-ups. Some use uniaxial tensile tests on a perforated beam-like specimen (Molomard et al., 2005) , others have used a transversely loaded rectangular plate (Wang and Kam, 2000) , a circular disk under diametrical compression (Wang et al., 2005) , a T-shaped specimen under tensile loading (Grédiac et al., 1999) or the displacement information around a hole in a biaxially loaded plate (Cárdenas-García et al., 2005) .
The use of an inverse method is not limited to a single type of material. It has been used on materials like ceramics (Furgiuele et al., 1997) , composite materials (Genovese et al., 2004) , metallic materials , micro-electronic mechanical systems (MEMS) (Amiot et al., 2005) and wood (Le Magorou et al., 2002) . Different optical full-field techniques can be used for the measurement of the surface displacements. Examples in which electronic speckle pattern interferometry (Bruno and Poggialini, 2005) , mark tracking (Szostkiewicz et al., 1997) , geometric or interferometric Moiré (Cárdenas-García, 2000) or laser holographic interferometry (Zhu, 1996) are used, can be found in literature. In some cases the authors use the boundary element method (BEM) (Huang et al., 2004) or the virtual fields method (Grédiac et al., 2002) instead of the finite element method, but the overall principle remains identical.
The use of full-field measurement methods for the characterisation of composite materials is a topic which has been and which still is intensively studied by different authors. An interesting article containing 136 references related to this field has been published by Grédiac (Grédiac, 2004) . In the present paper, a method is proposed for the identification of the four independent elastic in-plane engineering constants E x , E y , G xy and v xy of an orthotropic composite material based on surface measurements of a cruciform specimen subjected to biaxial loading. A biaxial tensile test is performed on a perforated cruciform specimen made out of glass fibre reinforced epoxy. As the material is supposed to behave homogeneously only one set of material parameters is determined. The responses of the system, i.e., the surface displacements are measured with digital image correlation. Strains are subsequently calculated, based on the measured displacement field. A finite element model of the perforated specimen serves as numerical counterpart for the experimental set-up. The difference between the experimental and numerical strains (e x , e y and c xy ) is minimised in a least squares sense by updating the values of the four independent elastic moduli. The sensitivities used to obtain the parameter updates are determined analytically, using the stress values calculated during the previously converged step. This choice allows a convergence rate that is three times faster than a routine based on finite difference sensitivities. The optimisation routine uses a Newton-Raphson algorithm.
Experimental set-up

Biaxial testing
Different experimental techniques and specimens have been used to produce biaxial stress states. These techniques may be mainly classified into two categories (Zouani et al., 1996) : (i) tests using a single loading system and (ii) tests using two or more independent loading systems. In the first category the biaxial stress ratio depends on the specimen geometry -their main disadvantage, -whereas in the second category it is specified by the applied load magnitude. Examples of the first category are bending tests on cantilever beams, anticlastic bending of rhomboidal shaped plates and bulge tests. Examples of the second category are thin-walled tubes subjected to a combination of tension/compression with torsion or internal/external pressure (Lefebvre et al., 2000; Ellyn and Wolodko, 1995) , and cruciform specimens under biaxial loading (Dawicke and Pollock, 2000) . The most direct way to create biaxial stress states consists of applying in-plane loads along two perpendicular arms of cruciform specimens. The use of hydraulic actuators represents a very versatile technique for the application of the loads. The main difference between the existing techniques is the use of one or two actuators per loading direction. One actuator per loading direction (Chaudonneret et al., 1997) will cause movements of the centre of the specimen causing a side bending of the specimen. This results in undesirable non-symmetric strains. Systems with four actuators (Makinde et al., 1992; Shiratori and Ikegami, 1967; Yu et al., 2002 ) with a close-loop servo control using the measured loads as feedback system, allow the centre of the specimen standing still.
The plane biaxial test device using cruciform specimens developed at the Free University of Brussels has four independent servo-hydraulic actuators with an appropriate control unit to keep the centre of the specimen explicitly still. The device (Fig. 1) has a capacity of 100 kN in both perpendicular directions, but is restricted to tensile loads. As no cylinders with hydrostatic bearing were used, failure or slip in one arm of the specimen will result in sudden radial forces which could seriously damage the servo-hydraulic cylinders and the load cells. To prevent this, hinges were used to connect the specimen to the load cells and the servo-hydraulic cylinders to the test frame. Using four hinges for each loading direction results in an unstable situation in compression and consequently only tension loads can be performed.
In an ideal situation no displacement of the centre point of the specimen should be observed ( Fig. 2(a) ). Even when using four actuators, a small displacement might occur in a real situation and an imbalance arises in the forces (Fig. 2(b) ). Due to a displacement in the y-direction for instance, a component F y is added and the absolute value of the force jPj is no longer equal to the absolute value of the force jP 0 j. However, as four load cells are used, it is possible to quantify this small load difference and to use this as a control signal.
The biaxial equipment used in the present study seems a little excessive for the identification of the elastic constants of orthotropic plate material. However, this machine is available in our lab and is also used for biaxial fatigue testing and the identification of hardening and yield surface parameters for metallic materials. Other devices, creating a biaxial loading state in a cruciform specimen and which can be mounted on a uniaxial tensile machine exist and could be considered as well (Ferron and Makinde, 1988) .
Cruciform specimen
Traditional biaxial tests on cruciform specimens require at least the following conditions: (i) maximisation of the region of uniform biaxial strain and (ii) minimisation of the shear strains in the biaxially loaded test zone (Mayes et al., 2002) . These conditions are required if strains are measured at the centre of the specimen with a strain gage or mechanical extensometer since one average strain value is obtained over their length. Since in this paper a full field method is used for the strain determination, non-uniformities and occurring shear strains can be quantified and thus eliminate the requirement of a uniform strain field. It is even found out that for the purpose of material parameter identification, strain heterogeneities are necessary since the aim is to create a heterogeneous deformation field and to examine its information content with respect to the four independent orthotropic parameters. In this paper, two geometry types were tested: one completely flat and one with a hole of 8 mm diameter in the centre to increase the strain heterogeneity. The presence of the hole in this study is to influence the overall deformation field and to try to make the measured strain fields more sensitive to the different material parameters, knowing that in a strict theoretical sense this makes no difference. It is clear that the elastic constants of a material do not change when using a different boundary value problem to extract them. However, when dealing with an experimentally obtained strain field, this can be very important. For example, when performing a uniaxial tensile test on a specimen with a very small hole, it will be difficult to measure by DIC the local strain gradients around the hole, which contain crucial information about the shear modulus. In a numerical simulation however, these local strain gradients can be retrieved without any problem.
The hole is realised using a simple vertical drilling machine. It is shown by Fig. 7 that the resulting experimental strain fields are influenced by the presence of the hole. However, possible damage to the fibres and the matrix close to the hole, apparently does not affect the behaviour of the material farther from the hole. Moreover, the information in an area of 2 mm around the hole will not be used in the final identification procedure. The total length of the specimens is 250 mm, the width of the arms 25 mm and the radius of the corner fillet 20 mm (Fig. 3) .
The material used is glass fibre reinforced epoxy with a þ45
This material with this specific lay-up is often used for wind turbine rotor blades as they are globally submitted to bending combined with torsion, a complex stress state. The (±45°)-layers serve to carry torsion and the (0°)-layers to carry bending. The (±45°)-layers have a thickness of 0.61 mm; the 0°-layers of 0.88 mm resulting in a total nominal thickness of 5.08 mm. The engineering constants E x , E y , v xy and G xy that are targeted in this paper are the homogenised values over the thickness (the so-called apparent engineering constants).
Digital image correlation (DIC)
Displacement and strain determination used on the cruciform specimens is performed by digital image correlation. This technique allows studying qualitatively as well as quantitatively the mechanical behaviour of materials under certain loading conditions and has been used in various technological domains. The DIC technique has been developed in the 1980's and has since then extensively been evaluated (Knauss et al., 2003; Schreier et al., 2000; Sutton et al., 1988) and improved (Bruck et al., 1989; Sutton et al., 1986; Cheng et al., 2002; Yoneyama et al., 2006) . However, the fundamental principles of the method remain unchanged and are well described by Peters and Ranson, 1982; Sutton et al., 1983 and Chu et al., 1985. Each picture taken with a CCD camera corresponds to a different load step. The cameras used in the current set-up use a 1392 · 1040 pixel gray level 12-bit CCD sensor. Two images of the specimen at different states of deformation are compared by means of a correlation window or an image subset. The image correlation routine allows locating every subset of the initial image in the deformed image by means of a classic correlation function using the sum of the squared differences of the pixel values. The displacement result, expressed in the centre point of the subset, is an average of the displacements of the pixels inside the subset. The step size defines the number of pixels over which the subset is shifted in x-and y-directions to calculate the next result. The size of a subset can be for example 9 · 9, 11 · 11, 13 · 13 pixels etc., the step size can be 1, 2, 3 pixels etc.
For the actual tests a subset size of 19 pixels and a step size of 5 pixels is used. The choice of the correlation window size and the shift or step size is not based on deterministic elements. In the available commercial DICsystems the subset size is identical throughout the entire image. This means that once the subset size is chosen, it remains identical during the correlation calculation. The size of the subset depends on the type of deformation field to be expected. When dealing with homogeneous deformation (constant displacement gradients), the subset size should be as big as possible to enable noise filtering and thereby smoothing of the displacement data. However, in the case of heterogeneous deformations (variable displacement gradients), the subset size should be a trade-off between smearing out of the displacement data (noise filtering) and correlation problems. When using large subsets, the displacement data is homogenised in an area that does not necessarily correspond to the heterogeneous character of the deformation field. When using small subsets, the grey value pattern is not always unique enough to avoid problems during the correlation calculation. In the present paper a subset size of 19 · 19 pixels has been chosen to perform the study. This choice is based on experimental experience and moreover it is a fair compromise between the previously cited arguments.
The step size on the other hand only determines the resolution of available displacement data. The smaller the step size, the larger the number of displacement data points and the longer the correlation calculation time. The chosen step size is a compromise between a fair CPU-time and the possibility to treat the displacement data statistically within a given strain window (cfr. next paragraph). Fig. 4 depicts the sequence of taking a picture of an object before and after loading, storing the images onto a PC trough a frame grabber, performing the correlation of both images -i.e., locating the different undeformed subsets in the deformed image -and finally calculating the corresponding displacement of the centers of the subsets, which finally yields the desired displacement field. The strain field is then calculated by numerical differentiation of the smoothened displacement field as explained in the next paragraph.
Strain derivation
In this study the experimental and FE-calculated strains are compared as being the responses of the system to the boundary conditions. This means that the experimental strains have to be derived from the measured displacement field. As a step size of 5 pixels is used an experimental displacement value is available every 5 pixels in both horizontal and vertical direction.
The FE-strains are calculated at the Gauss points located in the mesh elements. The objective is to calculate the experimental strains at the same location. A bilinear interpolation function is therefore fitted onto a square region of 5 · 5 data points (i.e., strain window size) around the coordinates of the Gauss-points in the experimental displacement date field. The choice of a region containing 5 · 5 data points is based on a trade-off between too much smoothing when using a larger region and a higher noise influence when using a smaller region.
Once the analytical expression of the surface is determined for both the horizontal and the vertical displacement components, it can simply be derived at the considered location in both directions, yielding the different strain components. The resolution of the images in the current set-up is 0.085 mm/pixel. This means that the strain values are based on an area of 1.7 · 1.7 mm
2 . An accuracy of ±10% of the actual strain value can be expected with the current settings. When the elements of the FE-mesh contain only one Gauss point, which is the case in the present study, the strain values are compared in a number of locations equal to the number of elements.
Mixed numerical-experimental technique
Introduction
The mixed numerical-experimental technique used in this paper belongs to the category of inverse problems. In contrast to a direct problem which is the classical problem where a given experiment is simulated in order to obtain the stresses and the strains, inverse problems are concerned with the determination of the unknown state of a mechanical system considered as a black box, using information gathered from the response to stimuli on the system (Bui, 1994) . The inverse problem is a problem where certain input data of the direct problem is deduced from the comparison between the experimental results and the numerical FE-simulation of that same problem. Not only the boundary information is used, but relevant information coming from local or full-field surface measurements is also integrated in the evaluation of the behaviour of a given material.
The inverse method described here can actually be narrowed to parameter identification, as the only item of interest to this study is actually the determination of the physically relevant constitutive parameters. The values of the material parameters cannot be derived immediately from the experiment. A numerical analysis is necessary to simulate the actual experiment. However, this requires that the material parameters are known. The identification problem can then be formulated as an optimisation problem where the function to be minimised is some error function that expresses the difference between numerical simulation results and experimental data. In the present case the strains are used as output data. This choice offers two advantages: the exact knowledge of the boundary conditions is less important and the sensitivity calculation as a part of the optimisation procedure is much faster. Fig. 5 represents the flow-chart of the present inverse modelling problem. The parameters to be identified are the four independent apparent engineering constants E x , E y , G xy and v xy . They describe the composite material (matrix and fibres) as a homogeneous entity and they are supposed to be identical for the entire specimen. It is also possible to consider a different set of parameters for every element in the Finite element mesh and to perform the same identification. This last option however, is not treated in the present study.
Optimisation algorithm and sensitivity calculation
The identification of the four independent apparent engineering constants is based on a Gauss-Newton optimisation method. The cost function that is minimised is expressed in terms of an unweighted least squares formulation. Expression (1) shows the form of cost function C(p), in which p is the vector of material parameters to be identified. The residuals in the function are formed by the differences between the experimental and the numerical strain components e x , e y and c xy , expressed numerically as well as experimentally (as explained in Section 2.4) in the Gauss-point of every mesh element. The index ''n'' in expression (1) stands for the total number of elements in the FE-mesh. The necessary condition for a cost function to attain its minimum is expressed by (2). The partial derivative of the function with respect to the different material parameters has to be zero: 
Expression (2) has to be written for every single unknown parameter p j . As no explicit relationship between the numerical strain components and the different parameters exists, it is not possible to find an analytical solution for the optimal parameter values. The problem has to be solved iteratively by updating the parameter values. Therefore, the different strain components e num x , e num y and c num xy are linearised around a given parameter set p k . This is done by developing a Taylor expansion of the simulated strains around that same parameter set and limiting the expression to the linear terms. The following expression (3) for e num x is then obtained, in which ðp j À p k j Þ is the difference for a given parameter between the value p k j at the working point k and its new estimate p j .
The same type of expression can be formulated for e num y and c num xy . When substituting these expressions into expression (2) and after rearranging some terms, expression (4) in matrix form, yielding the parameter updates is obtained:
in which the different elements are:
Dp column vector of the parameter updates for E x , E y , G xy and v xy e The sensitivity matrix (expression 5) groups the sensitivity coefficients of the strain components in every element of the FE mesh with respect to the elastic material parameters. This means that the sensitivity matrix contains nothing else than the partial derivatives of the different strain components e num x , e num y and e num xy with respect to E x , E y , G xy and v xy , for every element of the mesh. om xy 2 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 4 3
The components of this sensitivity matrix can be derived analytically from the constitutive relation between stress and strain, which is given by expression (6) in the case of a plane stress problem. 
Due to the symmetry of the matrix containing the material parameters, v yx can be expressed as a function of v yx , E x and E y (7):
The twelve elements of the sensitivity matrix belonging to one and the same element in the FE mesh are expressed in Table 1 . The values of the different stress components and the different parameters appearing in the expression of the derivatives in Table 1 are taken from the current iteration step. This means that for the first iteration the sensitivity coefficients are calculated with the starting values of the different parameters and with the stress components obtained by the first simulation. The criterion used to end the iteration process is based on the relative values of the parameter updates. Once they are below the limit of 0.5% of the current parameter value, the identification routine is stopped.
Experimental results
Traditional tests on beamlike specimens
An extended database of experimental static and fatigue results on beamlike glass fibre reinforced epoxy specimens with a þ45 À45 0 ð Þ 3 þ45 À45 ð Þ Â Ã -lay-up has been set-up within the framework of a project that deals with the optimisation of the use of composite materials for wind turbine rotor blades. One of the aims of the project is to investigate the material behaviour under complex stress states. For the glass fibre reinforced composite laminate with the mentioned lay-up the average and standard deviation material parameter results of about 400 traditional beamlike tests are given in Table 2 . No information about the Table 3 Material properties of the ply used in the laminate obtained on beamlike specimens shear modulus is available for this lay-up. Only for a single lamina, information exists from off-axis tests and tests on a (+45°/À45°) lay-up (Table 3) . Based on the ply data, the theoretically expected properties of the laminate can be calculated using classical laminate theory (Table 4) . 
Results of mixed numerical-experimental technique
For the identification of the four independent elastic orthotropic parameters, two test specimens are used; a perforated and a non-perforated specimen. Three different ratios between the horizontal (X-direction) and the vertical (Y-direction) tensile load are used during deformation of the specimens; 2.56/1, 3.85/1 and 5.77/1. Five successive load steps are imposed per ratio. This means that fifteen independently measured strain field triplets (e x , e y and c xy ) are available per specimen for the identification process. The same loads are used in the FEM-simulation. A plane stress model is used with a uniformly distributed load as boundary condition. This is a hypothesis that is verified when looking at the strain plots in Figs. 6 and 7 . The figures clearly show that the strain field exposes a fairly symmetrical pattern, which means that the actual load is uniformly distributed. In the case of the perforated specimen, a circular region around the hole with a width of 2 mm is considered from which no experimental data is used. Due to the steep gradients in the displacement field close to the hole it is difficult to obtain reliable strain values. Therefore these values are not used in the identification procedure.
The convergence criterion used in the optimisation phase ends the iteration process when the relative value of the parameter updates is inferior to 0.5%. In all of the optimisation runs, the convergence criterion is reached in less than 13 iterations. The results of the identification process are shown in Tables 5 and 6 for both perforated and non-perforated specimen, in terms of the mean parameter value and its corresponding standard deviation. They are obtained based on the 15 imposed load steps considered per specimen. The starting values for each of the parameters are mentioned as well.
It can be observed that the difference between the results for both specimen types is reasonably small. The stability of the results obtained with the non-perforated specimen is slightly larger. This is probably due to the fact that the strain field is less complex and therefore easier to measure than in the case of the perforated specimen. Figs. 6 and 7 show the different strain fields for both specimen types. The plots for the different simulated strain fields at a given load step are obtained using the mean identified material parameters presented in Tables 5 and 6. The scaling is the same for both experimental and numerical strains and the experimental values are represented in the FEM-mesh. The colour of the plots is chosen in such a way that the similarity between both types of deformation fields is clearly visible and the results are not smoothened. The mesh triangles, in which no colour value is shown, correspond to the regions of the cruciform specimen in which the experimental results are not available (in the vicinity of the hole and in a part of the arms of the specimen).
The plots are showing a significant agreement between the measured and the simulated results. It is clear however, that the real behaviour of the specimens is not completely symmetrical. The reason therefore is that the loading conditions are probably not ideally symmetrical or that the composite specimen itself is not com- The apparent engineering constants of the laminate. The apparent engineering constants of the laminate.
pletely homogeneous. Therefore the identified parameters are a characterisation of the mean or homogenised behaviour of the material under the given loading conditions.
Conclusions
An inverse method has been proposed to determine the apparent engineering constants (E x , E y , G xy and v xy ) of a glass fibre reinforced epoxy with a þ45 À45 0 ð Þ 3 þ45 À45 ð Þ Â Ã -lay-up. Two specimen geometries are used: a regular cruciform specimen and a cruciform specimen into which a central hole is drilled. The latter one is made in order to enhance the already heterogeneous deformation field. The method is based on a finite element calculated strain field of a cruciform specimen loaded in both orthogonal axes and the measured strain field obtained by digital image correlation. A least-squares formulation of the difference between the experimental and the numerical strains is used along with a Gauss-Newton optimisation algorithm. The obtained material parameters are very well in agreement with the values obtained by traditional uniaxial tensile tests. However, the results based on the regular specimen show less variance than the results obtained with the perforated specimen. This is possibly due to the fact that the DIC-technique has some difficulties measuring steep deformation gradients, hence inducing errors in the measurement of the displacement and strain maps. The objective of the experiment is to enforce a material behaviour that exposes the different elastic material parameters. If this is achieved by a non-perforated specimen, there is no need for a more complex geometry possibly leading to more measurement errors.
